Cold Spring Harbor Laboratory Cold Spring Harbor, New York 11724 (X.Z., N. Hernandez, and W.H., unpublished results), we Summary discovered that some substitutions of solvent-exposed residues of the TATA box bound TBP CORE induced the The TATA box binding protein TBP plays a universally formation of an abundant unexpected complex with important role in eukaryotic nuclear transcription. By DNA during our electrophoretic mobility retardation mutagenesis, we have discovered a solvent-exposed analyses. We show here that these mutations enhance surface of the structured TBP core domain that is imthe rate of formation of the characteristic bent TBPportant for inhibition of the DNA binding and DNA-TATA box complex. In contrast, wild-type TBP first forms bending activities of full-length wild-type TBP. Fullan unbent complex, after which the bent complex aplength wild-type TBP initially binds the TATA box to pears. These and other results suggest a two-step form an unstable complex containing unbent DNA, and mechanism of unbent-to-bent complex formation for then it slowly forms a stable complex containing bent wild-type human TBP binding to the TATA box; this DNA. TFIIB greatly accelerates formation of a bent two-step process can be accelerated by cooperative TFIIB-TBP-TATA box complex, and the inhibitory DNA association with TFIIB. 
. TBP, however, also contains a highly diverged and 20 to lanes 2 and 21). Unexpectedly, a subset of the species-specific N-terminal region, which varies in both TBP mutants formed an additional abundant complex, sequence and length. This hypervariable region can rewhich we refer to as TBP FL * (compare lanes 5, 9, 10, and press the ability of the TBP CORE to bind the TATA box 13 to lanes 2 and 21). We refer to these unusual TBP and at the same time can permit cooperative binding mutants as activated DNA binding mutants. Below, we with other basal factors, particularly on the human U6 use the TBP R188E (lane 9) mutant as a representative of snRNA promoter where free TBP activates transcription such mutants. (Mittal and Hernandez, 1997). The structure of the The effects of the TBP mutations on binding to the U6 TATA box probe were not promoter specific. As shown in Figure 1B , TBP WT and the TBP R188E mutant displayed the same pattern of complex formation on the AdML TATA AdML and mutant U6 TATA box probes showed that they all display the same pattern of DNA binding on box probe (compare lanes 1-3 and 7-9). All of the TBP-DNA complexes formed by TBP WT and TBP R188E are TATA these two promoters (data not shown), indicating that TBP recognizes these pol II and pol III TATA boxes box specific (compare lanes 4-6 with 1-3 and 10-12 with 7-9), although, as best illustrated on the U6 probe, similarly. Interestingly, the four activated DNA binding mutathe TBP FL complex is less TATA box specific compared to the TBP FL * complex. Analysis of the entire set of mutions shown in Figure 1A all map to the same solventexposed region of the TATA box bound TBP (Juo et al., tants shown in Figure 1A on Figure 1C shows a representative sample of these mutants; the DNA binding activities of all 35 mutants are listed in the Figure 1 legend and shown as a molecular surface representation of the human TBP CORE viewed from "upstream" and the "top" of a promoter bound TBP molecule in Figure 1D .
The phenotypes of the 35 mutants define three classes of residues. In the first class, represented by residues E206 and E228 in Figure 1C (lanes 3-6) and colored blue in Figure 1D , neither alanine nor radical mutations showed any activated DNA binding activity. In the second class, represented by residues R205 and V240 (lanes 7-10) and colored yellow in Figure 1D , the radical but not alanine mutations activated formation of the TBP FL * complex. In the third class-residues R188, K236, R239, and K243 (lanes 11-18) and colored red in Figure 1D -both alanine and radical mutations showed Figure 1A ), suggesting that the same residues can be 2000)-in contrast, the association of TFIIB with the important for both bent and unbent complex formation. unbent TBP FL complex has not been studied. We were Substitutions at seven individual positions and one douinterested, therefore, in whether and how TFIIB might ble substitution (see Figure 4 legend Figure 7A . We first allowed TBP to form the unbent TBP-TATA box complex for 30 30). Thus, by inhibiting TFIIB-independent TBP WT DNA binding activity more than its binding activity with TFIIB, min (a), after which an excess of unlabeled nonspecific DNA was added to trap any free TBP in the reaction the IDB surface increases the cooperativity of TBP-TATA box complex formation with TFIIB. and prevent it from binding to the 32 P-labeled DNA probe (b). TFIIB was added 1 min later, and complex formation was allowed to proceed for an additional 30 min (c).
TFIIB Can Recognize the Unbent TBP-TATA Box Complex and Promote Formation of the Bent
Only if the unbent TBP-TATA box complex can serve as a precursor for a TFIIB-TBP-TATA box will any labeled TFIIB-TBP-TATA Box Complex The kinetic analyses described in Figure 4 with TBP WT TFIIB-TBP-TATA box complex be formed. Figure 7B shows that indeed, using this protocol, the show that the unbent complex forms rapidly, whereas (Figure 3 and data not shown) . Second, alDifferent Properties of the Unbent and Bent TBP-TATA Box Complexes though interestingly less specific than the bent complex, formation of the unbent complex is TATA box specific Besides the apparent difference of DNA shape in the unbent and bent TBP-TATA box complexes, these two ( Figure 1B) . Third, formation of the unbent complex is a regulated property of TBP WT that is dependent on the complexes have other distinct properties. The unbent complex is less TATA box specific compared to the N-terminal region; the TBP CORE domain alone does not form the unbent complex (Figure 3) . Fourth, the unbent bent complex (Figure 1B) , suggesting that the bent DNA structure contributes to TBP recognition of the TATA and bent complexes have the same, probably monomeric, TBP stoichiometry (Figures 2 and 3) . And fifth, the box. The unbent TBP FL complex has both fast on and off rates ( Figures 4A and 5A ), suggesting that TBP can unbent TBP-TATA box complex is directly or indirectly recognized by, and binds cooperatively with, TFIIB (Fig- bind TATA-like DNAs rapidly to form a transient product.
In contrast, the bent TBP FL * complex with TBP WT forms ures 6 and 7). These results strongly support the conclusion that the unbent complex is an authentic biologically slowly but is very stable (Figures 4A and 5A ). Consistent with a very different state of TBP binding to DNA in relevant TBP-TATA box complex. We were able to de- Figure 8A shows the cated by the nature of TBP mutants that affect both unbent and bent complex formation and others that structurally well-documented steps in TATA box recognition by the TBP CORE protein in which the TBP CORE first selectively affect bent complex formation ( Figures 1A  and 4C-4E) . Consistent with this hypothesis, TBP is able binds to form a bent TBP-TATA box complex, which can then bind TFIIB. Figure 8B shows the steps by which to transition from an unbent complex to a bent complex without dissociating from the DNA (Figure 7) . Nevertheour results suggest TBP WT binds the TATA box. First, TBP WT binds to the TATA box to form an unstable unbent less, part of the surface of TBP involved in forming the unbent complex is probably distinct from that involved TBP-TATA box complex and then more slowly forms the very stable bent TBP-TATA box complex. We provide in forming the bent complex because there are "unbent complex only" mutations not only located on the top of evidence to support this conclusion because, as illustrated in Figure 8B , TFIIB can recognize the unbent comthe molecule (e.g., TBP E228K ), but also on the prototypical DNA binding surface (e.g., TBP T210K ). Consistent with the plex directly or indirectly and can greatly accelerate the transition from the unbent complex to a bent complex unbent complex only phenotype of the full-length mutant TBP T210K , when the T210K mutation is placed into the containing TFIIB. In this fashion, TFIIB plays a key regulatory role in building up an active initiation complex. TBP CORE protein alone which does not form the unbent complex, the T210K mutant does not bind to the TATA box (data not shown), a result that further establishes A Solvent-Exposed Surface of the Human TBP CORE Domain Regulates the Two-Step Process the inability of the TBP CORE to form the unbent complex.
Interestingly, the altered-specificity TBP (TBP AS ) muof TBP Binding to DNA Interestingly, in addition to its interaction with TFIIB, tant, which was genetically selected for altered DNA sequence recognition while maintaining functional activ-TBP itself is able to regulate its TATA box recognition, 
